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1. Introduction 
Inhomogeneity of lipid structures has been demon- 
strated for rabbit liver microsomal and other biological 
membranes [ 1,2]. Part of the microsomal lipids, 
presumably that surrounding integral proteins like 
cytochrome P-450, exists in a physical state different 
in its fluidity thermotropism to that of the bulk mem- 
brane lipids. Due to the chemical shift anisotropy of 
the lipid phosphorous, 31P-NMR spectroscopy has 
been successfully applied to the characterisation of 
bilayer membranes [3] and polymorphic lipid mix- 
tures [4]. Results obtained by application of this 
technique to rabbit liver microsomal membranes and 
a reconstituted cytochrome P-450 system show that 
part of the lipids exist in an inverted micellar state 
which may be indispensible for the structural integra- 
tion of cytochrome P-450 into the bilayer membrane. 
2. Materials and methods 
NADP and NADPH were purchased from Boehringer, 
Mannheim; egg lecithin (PC) and egg phosphatidyl- 
ethanolamine (PE) from Lipid Products, Nutfield. 
Rabbits were pretreated with phenobarbital (1 g/l) 
in drinking water. Both food and phenobarbital were 
withdrawn 24 h before slaughter. The microsomes 
were prepared by standard procedures [ 51: a loose- 
fitting Teflon pestle being used in the homogeniser. 
In some cases the microsomes were washed before 
use by suspension in 0.15 M Tris-HCl, pH 7.6 and 
recentrifugation. The cytochrome P-450 content of 
the microsomes was 2.67 f 0.43 nmol/mg protein 
(mean f standard deviation) [6,7]. 
The LM2 form of cytochrome P-450 and NADPH- 
cytochrome P-450 reductase (EC 1.6.2.4) were 
purified by column chromatography and character- 
ised by SDS-gel electrophoresis [8]: the cytochrome 
P-450 preparation contained more than 90% LM2 
and the main impurity was LM4. Reductase, 0.9 mg, 
and cytochrome P450,9 mg, were incorporated into 
lipid vesicles (50 mg PE/PC, 1:2) by a cholate-dialysis 
technique [8]. The reconstituted system was found to 
form a band between 1.075 g/ml and 1.095 g/ml in a 
linear glycerol density gradient. This fraction, which 
contained 60% of each of the original components of 
the mixture was made up to 3 ml and dialysed against 
20mM Hepes buffer,pH7.5,containingO.l mM EDTA 
and 20% (v/v) glycerol. 
Lipids extracted from 0.5 g microsomal pellet [9] 
were resuspended in 2.5 ml 0.025 M Tris-HCl, pH 7.6, 
by shaking for 5 min at room temperature with a 
vortex mixer. 
Proton decoupled 31P-NMR spectra were recorded 
on a Bruker WH270 pulse Fourier transform spectro- 
meter operating at 109.32 MHz. The pulse width was 
10 ps or 30 ,us and the acquisition time 204.8 ms. 
Sample tubes, 10 mm, were used with external DzO 
for the lock. 
3. Results 
The 31P-NMR spectra of multilamellar vesicles of 
resuspended microsomal lipids (fig.la) and those of 
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microsomes at 8°C (fig.1 b) are characteristic of phos- 
pholipids experiencing restricted, anisotropic, motion 
in bilayers, the high-field peak being shifted some 
24 ppm from the low-field shoulder [3,4]. In micro- 
somes, with increasing temperature a peak with the 
sharper, more symmetric, line shape characteristic of 
a lipid structure in which the chemical shift aniso- 
b nit 6°C 35% 
40 Ppm 
Fig.1. “‘P-NMR spectra of (a) resuspended microsomal 
lipids, (b) microsomes and (c) a reconstituted cytochrome 
PASO system. The spectra (b) were taken in the same 
buffer as was used for (c). Pulse width: 10 ns. 
30 fwm 
Fig.2. “‘P-NMR spectra of a microsomal pellet taken at 
different temperatures. 10 ns pulse, total time 1.75 h. The 
superimposed spectra clearly show the formation of two 
isosbestic points. 
tropy is averaged by rapid motion develops in the 
magic angle region. The formation of two isosbestic 
points (see fig.2) shows that this increase in the iso- 
tropic line is a result of a decrease in the anisotropic 
signal. This thermotropic phase change is reversible 
up to 40°C and though the signal height still increases 
from 40”-50°C this latter stage, in which the line 
sharpens and loses any asymmetry, is irreversible. In 
contrast, the typical bilayer spectrum of microsomal 
lipids does not show this change with temperature. 
The spectrum of vesicles prepared by reconstitu- 
tion of NADPH-cytochrome P-450 reductase and 
cytochrome P-450 with egg PC and egg PE is domi- 
nated by the contribution of isotropic motional aver- 
aging even at low temperature. The spectrum recorded 
at 8°C is similar in shape to the spectrum of micro- 
somes at 35°C; raising the temperature to 20°C 
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9°C 27% 
Fig.3. slP-NMR spectra of (a) NADPH-reduced and (b) 
NADP-treated control microsomes. Washed mikosomes, 
2 g in 0.15 M Tris-HCl, pH 7.6, were incubated for 15 min 
at room temperature with 1 mM hexobarbital nd 1 mM 
NADPH or NADP. The mixture was centrifuged and the 
microsomal pellet suspended in the same buffer. All solu- 
tions were thoroughly gassed with CO and all operations 
carried out under CO or a CO/N, mixture. 30 MS pulse. 
removes nearly all anisotropic contribution (fig.lc). 
The spectra of microsomes in which the cyto- 
chrome P-450 has been enzymatically reduced in the 
presence of hexobarbital (a type I substrate of mixed 
function oxygenation) and carbon monoxide are 
clearly distinct from spectra of unreduced controls 
(fig.3): at 9°C they are more ‘anisotropic’ and at 
27°C the width at half-height of the composite band 
is clearly greater (1376 Hz as opposed to 1180 Hz). 
4. Discussion 
The two isosbestic points formed by spectra of 
microsomes at different temperatures (fig.2) indicate 
that the main part of our microsomal preparation is 
involved in the thermotropic phase change. The 
observed spectral changes appear to be the result of 
intra-membrane processes: other causes of motional 
averaging of chemical shift anisotropy in bilamellar 
lipid structures can be excluded. The size distribution 
of our microsomes centers about a diameter of 2000 a 
with a lower limit of 800 a, too large to allow tum- 
bling rapid enough to average the chemical shift 
anisotropy of about 2600 Hz. Moreover, immobilisa- 
tion of microsomes by entrapment in polyacrylamide 
gel, suspension in a highly viscous medium, and 
Ca precipitation did not qualitatively change the 
described thermotropic spectral pattern (our unpub- 
lished results). 
With regard to quantification of the different lipid 
phases, no safe conclusions can be drawn from our 
spectra at the moment. From the microsome spectra 
observed at low temperature (fig.lb,2), which are 
mainly dominated by the chemical shift anisotropy 
of lamellar structure, the presence of significant 
amounts of immobilised non-lamellar lipids cannot 
be excluded. Likewise the nearly complete loss at 
higher temperatures of the low-field shoulder typical 
of bilayer structure can only be reasonably explained 
by assuming a rapid exchange of lipid molecules 
between bilayer and one or more other phases allow- 
ing rapid isotropic motion. This exchange rate, based 
on our NMR time scale,must be greater than 1000 s-l. 
PE is a microsomal lipid known to be involved in 
the formation of non-lamellar structures: in aqueous 
suspensions it normally occurs in the hexagonal 
phase [lo] and can only be coerced into a bilayer 
by admixture of an equal quantity of PC [4]. As a 
result the spectra of resuspended microsomal lipids 
(fig.la) in which the PE/PC ratio is I:2 retain the 
typical bilayer shape over the whole temperature 
range. On the other hand in suspensions where the 
PE/PC ratio is greater than 1: 1 in addition to the 
lamellar phase another appears, not truly hexagonal, 
which allows motional averaging [4]; these spectra 
are nearly identical in shape to those of microsomes 
at higher temperatures. The existence of ellipsoidal 
inverted micelles consisting predominantly of PE 
would be consistent with the 31P-NMR spectra 
recorded. 
Inverted micelles may be crucial to the accomoda- 
tion of integral proteins in the bilayer structure as 
shown in fig.4. This is demonstrated by the “P-NMR 
spectra of the reconstituted system which clearly show 
a non-lamellar structure at low temperature. Further 
weight is lent to this idea by the fact that reconstitu- 
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Fig.4. Model of a membrane showing accomodation of a 
hexameric protein cluster to the mainly PC (white head- 
groups) bilayer by means of predominantly PE (black 
headgroups) inverted micelles. 
tion could only be achieved with total microsomal 
lipids or a 2: 1 mixture of egg PC and egg PE (i.e., the 
ratio in which these lipids occur in microsomes) [8]. 
All attempts to reconstitute with lecithin from differ- 
ent sources failed. The observation of a reduction in 
the non-lamellar component in the spectrum of 
NADPH-reduced microsomes (fig.3a) leads us beyond 
this to speculate that the functional state of the cyto- 
chrome P-450 enzyme complex may be associated 
with aggregation-disaggregation dynamics during 
the oxido-reduction cycle: it is conceivable that 
more micelles are required to accomodate the cyto- 
chromes when the clusters are slightly disaggregated 
than when they are tightly packed. 
Acknowledgements 
The technical assistance of Mrs U. Wurl and 
Mr T. Wronker in preparation of the microsomes is 
acknowledged. 
References 
[I] Stier, A., Ktihnle, W. and Rosen, R. (1976) in: Micro- 
somes and Drug Oxidations (Ullrich, V. et al. eds) 
pp. l-8, Pergamon Press, Oxford. 
[2] Lee, A. G. (1975) Prog. Biophys. Mol. Biol. 29, 3-56. 
[3] Gaily, H.-U., Niederberger, W. and Seelig, J. (1975) 
Biochemistry 14, 3647-3652. 
[4] Cullis, P. R. and De Kruijff, B. (1978) Biochim. 
Biophys. Acta 507, 207-218. 
[5] Fouts, J. R. (1971) in: Methods in Pharmacology 
(Schwartz, A. ed) vol. 1, pp. 287-325, Appleton 
Century Crofts, New York. 
[6] Omura, T. and Sato, R. (1964) J. Biol. Chem. 239, 
2370-2378. 
[7] Lowry, 0. H., Rosebrough, N. J., Farr, A. L. and 
Randall, R. J. (1951) J. Biol. Chem. 193, 265-275. 
[8] Bosterling, B., Dawson, J. H., Trudell, J. R. and 
Stier, A. (1978) in preparation. 
[9] Bligh, E. G. and Dyer, W. J. (1957) Can. J. Biochem. 
Physiol. 37, 911-917. 
[lo] Reiss-Husson, F. (1967) J. Mol. Biol. 25,363-382. 
112 
